Introduction
============

The skin is the largest organ and functions as a barrier between the environment and internal organs.[@b1-ijn-11-373] The skin is also easily injured by many types of attacks; thus, skin damage is an extremely common disease that is observed clinically.[@b2-ijn-11-373] Although the skin can repair itself after being damaged,[@b3-ijn-11-373] many problems still remain, such as severe infection and even death. Wound repair is an extremely complex process that requires the coordination of a series of cellular responses.[@b4-ijn-11-373] Therefore, many studies have focused on the principles and mechanisms of wound healing acceleration to develop new drugs that promote wound healing.

Recently, researchers have begun to pay close attention to an electrospun nanofiber that promotes wound healing. Nanofibers produced via electrospinning exhibit high specific surface areas, high levels of porosity, and gas permeation. These properties are favorable for hemostasis, exudate adsorption, and prevention of bacterial penetration, and the nanoscale fiber can induce cellular adherence, proliferation, and skin regeneration, thus providing favorable conditions for wound healing.[@b5-ijn-11-373],[@b6-ijn-11-373]

Chitosan oligosaccharide (COS) is a mixture of oligomers composed of β-1,4-linked [d]{.smallcaps}-glucosamine residues, and it is the only alkaline oligosaccharide in nature.[@b7-ijn-11-373] COS has excellent biocompatibility and biodegradability, and its hemostatic action, antibacterial effect, anti-inflammatory effect, and stimulation of cellular activities have resulted in its wide use in pharmaceutical, food, biotechnology, and agricultural applications.[@b8-ijn-11-373]--[@b10-ijn-11-373] Poly(vinyl alcohol) (PVA) is a hydrophilic, biocompatible polymer that exhibits good mechanical properties and is biodegradable and safe. In our previous studies,[@b11-ijn-11-373] we synthesized COS-Ag nanoparticles via a reduction reaction and prepared PVA/COS-AgNPs nanofiber via electrospinning. Silver nanoparticles exhibit antimicrobial properties that are more effective than other salts due to their large surface area, which results in better contact with microorganisms. Our previous results showed that the PVA/COS-AgNPs nanofiber significantly inhibited bacteria growth. Additionally, the hemostatic and anti-inflammatory actions, stimulation of proper collagen deposition by COS, hygroscopicity, wound protection of PVA, and the high permeability and high swelling rate of the nanofiber together promote wound healing at an early stage. Moreover, cells interact with the extracellular matrix (ECM) on the nano-scale level, and our COS-AgNPs could fully interact with cells and the ECM. They could create good conditions for the exchange of cell information and substance.[@b12-ijn-11-373] However, in the current literature, the effect of wound healing acceleration by electrospun nanofiber has only been examined at the pharmacodynamics stage. Therefore, the mechanisms of nanofiber-promoted wound healing remain unknown.

Many growth factors are involved during various stages of wound healing. TGFβ is known for exerting a powerful effect to control a variety of cellular functions, and it can induce many different outcomes depending on the cellular context and cell type.[@b13-ijn-11-373] Four isoforms of TGFβ exist: TGFβ1, TGFβ2, TGFβ3, and TGFβ4.[@b14-ijn-11-373] Notably, TGFβ1 plays an important role in almost all stages of wound healing and scar formation.[@b15-ijn-11-373],[@b16-ijn-11-373] Furthermore, many studies have shown that the TGFβ1/Smad signaling pathway is closely connected to wound healing.[@b17-ijn-11-373] Smad family proteins, such as Smad2, Smad3, and Smad4, are mediators of the TGFβ1 signaling from the cytoplasm to the nucleus, whereas Smad7 inhibits this signaling pathway.[@b18-ijn-11-373],[@b19-ijn-11-373]

On the basis of our previous studies[@b11-ijn-11-373] and the work of other groups,[@b20-ijn-11-373]--[@b22-ijn-11-373] in this study, we used a rat skin wound model and a potent inhibitor of the TGFβ1 receptor, SB431542, which can efficiently inhibit the activation of the TGFβ1/Smad signaling pathway.[@b23-ijn-11-373] PVA/COS-AgNPs nanofiber was applied to examine the influence of the signaling molecules involved in the TGFβ1/Smad signaling pathway using a number of detection methods, such as quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot (WB). Collagen is a major component of the ECM that contributes to skin regeneration, and collagen formation can be measured to evaluate the degree of wound healing. The conventional method of total collagen content detection is based on hydroxyproline (Hyp), a basic constituent of collagen and an indicator that reflects the total collagen amount.[@b24-ijn-11-373],[@b25-ijn-11-373] Thus, we used several assays, such as Hyp analysis and immunofluorescent staining, to investigate collagen synthesis with the nanofiber treatment. This study was designed to verify the effect of a PVA/COS-AgNPs nanofiber treatment on the TGFβ1/Smad signaling pathway, to explore the molecular mechanism by which this nanofiber treatment promotes wound healing, and to lay a foundation to investigate this new type of medicine for wound healing.

Materials and methods
=====================

Preparation of PVA/COS-AgNPs nanofiber
--------------------------------------

First, we synthesized COS-AgNPs by stirring 35 mL of a 0.1 M AgNO~3~ solution containing 1 g of COS for 5 hours at 50°C, and then, the solution was cooled to room temperature. A suitable amount of acetone was added to the solution to precipitate the product; then, the solvent was vaporized to obtain dry COS-AgNPs. Next, the COS-AgNPs (5 wt% to polymer) were added to an 11% PVA solution and stirred for 12 hours to obtain a uniform mixture. Then, a high-voltage power source (DW-P303-1ACD8; Tianjin Dongwen High Voltage Co., Guangzhou, People's Republic of China) was adjusted to 15 kV and connected to a syringe with a needle containing the PVA/COS-AgNPs solution. The flow rate (0.5 mL/h) was controlled by a syringe pump (TJ-3A; Baoding Longer Precision Pump Co., Ltd, Hebei, People's Republic of China). The PVA/COS-AgNPs nanofiber was collected on an electrically grounded metal plate.[@b11-ijn-11-373]

Establishment of a skin incision wound model
--------------------------------------------

Male Sprague--Dawley rats (200--250 g) were used to establish a skin incision wound model. Animal use was approved by the ethical committee of the Experimental Animal Centre of the Third Military Medical University, and the experiments were performed according to the prescribed guidelines. Chloral hydrate (10% w/v) at a dosage of 350 mg/kg of body weight was injected into the abdominal cavities of the rats. After anesthetization, the hair on the dorsal side of the rats was shaved. Four positions on the dorsal side of rats were marked with a pencil to form the 1 cm length sides of a square to delineate the wound margins. Then, a 75% ethanol solution was applied for sterilization. The intended surgical area of the skin was shaved with disinfected surgical scissors to create four whole-layer skin incision wounds, deep into the dermis without damaging the subdermal vasculature.[@b26-ijn-11-373]

Animal grouping and treatment
-----------------------------

The rats were segregated into three groups. Group A was topically treated with gauze as a blank group. Group B received an application of 5% PVA/COS-AgNPs nanofiber. Group C received an application of 5% PVA/COS-AgNPs nanofiber plus the TGFβ1 receptor inhibitor (SB431542; Selleck Chemicals, Houston, TX, USA). The stock SB431542 powder was dissolved in DMSO (10 mg/mL). A 10 μL stock solution was diluted 100 times with normal saline to a final concentration of 100 μg/mL before each use. A dosage of 40 μg/100 g SB431542 was injected hypodermically next to each wound every day. The gauze group and the PVA/COS-AgNPs nanofiber group were injected with the same solvent as used for the PVA/COS-AgNPs nanofiber plus SB431542 group. Six rats that did not undergo surgical operation were used as a normal control group. Bandages were replaced every 24 hours. The rats were studied for 18 days after the surgery. The wound diameters were measured on days 1, 3, 5, 7, 9, 12, 15, and 18 post-wounding. The calculated average diameter of the remaining healing area was used to determine the healing percentage. Six rats from each group were sacrificed on days 3, 5, 7, 9, 12, 15, and 18 under anesthesia. The wounded skin tissues, including a margin of approximately 3 mm of unwounded skin, were collected using surgical scissors to ensure complete removal. After the tissues were washed with physiological saline, they were immediately flash frozen in liquid nitrogen and divided into two portions: one portion was used for sectioning, and the other portion was stored at −80°C for subsequent molecular evaluation.

Histopathological examination
=============================

Full-thickness skin biopsies were fixed in 10% buffered formalin and embedded in paraffin. Sections (4 μm through the center of the wound) were stained with hematoxylin-- eosin (HE) and Masson's trichrome. Epithelialization, inflammatory cell infiltration, fibroblast proliferation, neovascularization, and collagen deposition were observed under a light microscope (Olympus BX51; Olympus, Tokyo, Japan; magnification: ×100).

Immunofluorescent staining
--------------------------

Transverse cryosections were embedded in optimal cutting temperature compound, frozen in liquid nitrogen, and stored at −80°C. A mixture of rabbit anti-collagen Type I (AB755P; Millipore, Billerica, MA, USA; 1:100) and mouse anti-collagen Type III (ab6310; Abcam, Cambridge, UK; 1:300) antibodies was used to detect collagen fibers. After the samples were blocked in 5% skim milk/tris-buffered saline with tween 20, they were incubated with primary antibodies and then with fluorescent probe-conjugated secondary antibodies: goat anti-rabbit IgG (ab150077; Abcam, 1:1,000), goat anti-mouse IgG (ab150119; Abcam, 1:1,000). The nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole; Boster, Wuhan, People's Republic of China). The quantities and distributions of collagen I and collagen III were determined by imaging with a confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany; magnification: ×800).

Hydroxyproline content measurement
----------------------------------

Hyp is extremely stable in collagen; thus, its content can indirectly reflect the total collagen content.[@b27-ijn-11-373] To estimate the Hyp content, a kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China) was used in this study, and the manufacturer's protocol was followed. The color intensity was measured at 550 nm against a blank. The Hyp content in the tissue was calculated according to the manufacturer's protocol.

RNA extraction, reverse transcription, and qRT-PCR
--------------------------------------------------

After treatment, the total RNA of the tissue samples was isolated using RNAiso Plus (TaKaRa Bio Inc., Tokyo, Japan), purified, and precipitated using chloroform and isopropanol; then, the RNA was dissolved in 50 μL RNase-free deionized H~2~O and spectrophotometrically quantified at 260/280/320 nm. Briefly, total RNA extracted from the tissue samples was reverse transcribed into complementary DNA (cDNA) using a PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa Bio Inc.). The final cDNA product was stored at −20°C for subsequent cDNA amplification by qRT-PCR. cDNA was amplified using SYBR^®^ Premix Ex TaqTM II (TaKaRa, Japan). Each amplification was performed using the following conditions: 30 seconds at 95°C, followed by 40 cycles of 5 seconds at 95°C, 20 seconds at 60°C, and 15 seconds at 72°C. mRNA (messenger RNA) was amplified using specific primers at a final concentration of 2.5 μM. The primers (BGI Tech, Shenzhen, People's Republic of China) for the qRT-PCR analysis are listed in [Table 1](#t1-ijn-11-373){ref-type="table"}. The relative quantitation values for gene expression were calculated from the CT values according to the manufacturer's protocol (LightCycler 480 software; Roche, Basel, Switzerland). The relative expression of target genes was normalized to that of β-actin. ∆CT values for triplicate wells of the calibrator (normal skin) for each sample were averaged, and the relative expression was calculated as 2^−∆∆CT^.

Protein extraction and WB analysis
----------------------------------

Total protein was extracted using lysis buffer containing 1 mM phenylmethanesulfonyl fluoride (Beyotime, Haimen, People's Republic of China), quantified using a BCA Protein Assay Kit (Beyotime), and normalized to a standard concentration using extraction buffer. Then, the proteins were denatured for 5 minutes at 100°C, and a 20 μL protein sample from each group was separated by 10% or 12% sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore). The membranes were blocked with 5% BSA (albumin from bovine serum; Sinopharm, Beijing, People's Republic of China) at 37°C for 1 hour and incubated overnight with the following primary antibodies at 4°C: anti-TGFβ1 (ab92486; Abcam, 1:500), anti-phospho-Smad2 (\#3108; Cell Signaling Technology, Danvers, MA, USA; 1:500), anti-Smad2 (\#5339; Cell Signaling Technology, 1:1,000), anti-phospho-Smad3 (\#9520; Cell Signaling Technology, 1:500), anti-Smad3 (\#9513; Cell Signaling Technology; 1:500), anti-collagen III (ab6310; Abcam, 1:1,000), anti-collagen I (BA0325; Boster, 1:2,000), anti-phospho-Smad1/5/8 (\#9511S; Cell Signaling Technology, 1:500), and anti-β-actin (\#4967; Cell Signaling Technology, 1:1,000). Then, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (ZSGB-BIO, Beijing, People's Republic of China; 1:5,000), and the specific proteins were visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore).

Statistics
----------

The data are expressed as mean ± standard deviation. SPSS 18.0 (SPSS Inc., Chicago, IL, USA) statistical software was used to perform statistical analysis. A two-tailed unpaired Student's *t*-test for two-group comparison was used. *P*\<0.05 indicates a statistically significant difference.

Results
=======

PVA/COS-AgNPs nanofiber treatment decreases the wound area of wounded rat skin and achieves better cosmesis
-----------------------------------------------------------------------------------------------------------

Full-thickness incisional wounds at 0, 3, 5, 7, 12, and 18 days after the surgery are shown in [Figure 1A](#f1-ijn-11-373){ref-type="fig"}. Wound closure was observed in all of the treatment groups within 18 days. The wound contraction of the PVA/COS-AgNPs nanofiber group was significantly faster than that of the nanofiber plus SB431542 group. Meanwhile, the nanofiber plus SB431542 group displayed ulcerated surfaces at days 3 and 5. The healing level of the gauze group was in between those of the other two groups. The change in the wound closure size was displayed as a percentage of the wound area at different healing times. Each wound area measurement was compared with the wound area on day 0 (100%; [Figure 1B](#f1-ijn-11-373){ref-type="fig"}).

To histologically assess the wound healing, skin samples from each group at every time point were examined by HE staining. [Figure 2](#f2-ijn-11-373){ref-type="fig"} shows the wound healing histology for each group at days 3, 7, 12, and 18 after wounding, with stained collagen fibers in pale pink, the cytoplasm in purple, the nuclei in blue, and the red blood cells in cherry red. At the early stage of the healing processes (days 0--7), the wounds in the three groups displayed evident inflammatory cell infiltration, granulation tissue formation, and epidermal proliferation. However, the inflammatory cells and granulation tissue in the PVA/COS-AgNPs nanofiber group disappeared quickly, and new blood vessels and hair follicles began to grow in this group before the other groups. At the late stage of the healing process (days 9--18), the PVA/COS-AgNPs nanofiber group showed the greatest resemblance to normal skin, with less hypertrophic scarring, a thin epidermis, and nearly normal hair growth on the wound surface ([Figure S1](#SD1-ijn-11-373){ref-type="supplementary-material"}). The healing condition of the gauze group was similar to that of the PVA/COS-AgNPs nanofiber group at day 18, but the gauze group showed slower healing progression. The worst cosmetic appearance was observed in the nanofiber plus SB431542 group; new blood vessels and hair follicles had grown very slowly ([Figure S1](#SD1-ijn-11-373){ref-type="supplementary-material"}).

PVA/COS-AgNPs nanofiber treatment promotes collagen fibers regeneration in rat skin
-----------------------------------------------------------------------------------

Wound healing is largely dependent on collagen synthesis. Therefore, to further investigate the effect of PVA/COS-AgNPs nanofiber treatment on wound healing, biopsies of rat skin tissues were stained with Masson's trichrome staining ([Figure 3](#f3-ijn-11-373){ref-type="fig"}). Collagen was stained blue-green, whereas the cytoplasm, red blood cells, and muscle were stained red; the staining was used to assess the advancement of collagen deposition during granulation tissue formation and matrix remodeling. The blue-green staining intensity corresponds to the relative quantity of deposited total collagen fiber, which reflects the processes of synthesis, degradation, and remodeling ([Figure S2](#SD2-ijn-11-373){ref-type="supplementary-material"}). The results indicated that among the three groups, the PVA/COS-AgNPs nanofiber group had the greatest collagen synthesis. The rate and quantity of collagen formation were the slowest and lowest in the nanofiber plus SB431542 group.

To quantitatively determine the total collagen content in the skin samples, we determined the Hyp content of the wounded skin in each group at different time points.[@b27-ijn-11-373] The results indicated that the Hyp contents of all groups increased over time, but the content of the PVA/COS-AgNPs nanofiber group significantly exceeded that of the other groups ([Figure 4A](#f4-ijn-11-373){ref-type="fig"}), particularly during the early stages of the healing process, whereas the nanofiber plus SB431542 treatment group showed the lowest Hyp content among the three groups during the first 9 days.

The major components of skin collagen are collagen I and collagen III, and many studies show that collagen I and III are closely related to the TGFβ1/Smad signaling pathway.[@b16-ijn-11-373],[@b22-ijn-11-373],[@b28-ijn-11-373] To investigate collagen fiber production, immunofluorescent staining was used to stain collagen I (green) and collagen III (red) at 3, 7, and 18 days after grafting ([Figure 4B--D](#f4-ijn-11-373){ref-type="fig"}), and nuclei were counterstained in blue. A confocal laser scanning microscope was used to observe the samples. As shown in [Figure S3](#SD3-ijn-11-373){ref-type="supplementary-material"}, collagen I and III deposition increased over time in the three experimental groups, it was increased quickly in the PVA/COS-AgNPs nanofiber group, and plentiful collagen I and III deposition was observed in this group at day 18. Compared with the other two groups, the PVA/COS-AgNPs nanofiber plus SB431542 group had the fewest collagenous fibers at day 18 and the slowest pace of collagen growth.

PVA/COS-AgNPs nanofiber treatment regulates the expression of the TGFβ1/Smad pathway at the gene level
------------------------------------------------------------------------------------------------------

To further investigate the role of the TGFβ1/Smad signaling pathway in PVA/COS-AgNPs nanofiber-induced wound healing, the effects of the PVA/COS-AgNPs nanofiber treatment on wounded skin and the mRNA expression of genes associated with the TGFβ1/Smad signaling pathway were assessed by qRT-PCR. The results showed that the TGFβ1 gene expression was significantly upregulated in the PVA/COS-AgNPs nanofiber group compared with the other groups ([Figure 5A](#f5-ijn-11-373){ref-type="fig"}). A high level of TGFβ1 expression was observed during the early stage of the wound healing process, particularly at 5 days after surgery. Over time, the TGFβ1 expression decreased slowly, but its expression level in the PVA/COS-AgNPs nanofiber group remained higher than that in the other two groups. The mRNA expression levels of TGFβRI, TGFβRII, collagen I, collagen III, and fibronectin ([Figure 5B, C, G--I](#f5-ijn-11-373){ref-type="fig"}) exhibited similar results to TGFβ1. Interestingly, Smad2 and Smad3 mRNA expression were upregulated in all three groups; however, no significant differences in this expression were observed between the three groups ([Figure 5D and E](#f5-ijn-11-373){ref-type="fig"}). In contrast to other genes, Smad7, the inhibitory Smad was upregulated in the three groups over time, and the PVA/COS-AgNPs nanofiber plus SB431542 group showed the greatest upregulation of Smad7 ([Figure 5F](#f5-ijn-11-373){ref-type="fig"}). Neovascularization is an important process in wound healing,[@b29-ijn-11-373] so we also examined the expression of VEGF ([Figure S4](#SD4-ijn-11-373){ref-type="supplementary-material"}), a potent and specific angiogenic factor, to investigate the effect on angiogenesis with the PVA/COS-AgNPs nanofiber treatment. The results showed that the highest VEGF expression was observed in the PVA/COS-AgNPs nanofiber group at days 7 and 9, but the difference was not significant among the three groups at the other time points.

PVA/COS-AgNPs nanofiber treatment upregulates proteins associated with the TGFβ1/Smad signaling pathway
-------------------------------------------------------------------------------------------------------

Given that gene expression does not usually represent the protein expression level, we next investigated the effects of the PVA/COS-AgNPs nanofiber treatment on the expression of key proteins of the TGFβ1/Smad pathway by performing WB analyses. Our results showed that the TGFβ1 protein expression significantly increased in the PVA/COS-AgNPs nanofiber group during the early stage of the healing process, and over time, the TGFβ1 protein expression decreased. This situation may be associated with the degree of the wound healing ([Figure 6](#f6-ijn-11-373){ref-type="fig"}). Although the protein expression levels of "total" Smad2 and Smad3 were not significantly different among the three groups, the protein levels of the active forms, phosphorylated Smad2 and 3, were similar to the TGFβ1 protein expression. By contrast, the collagen I and collagen III expression increased over time, and the highest expression was observed in the PVA/COS-AgNPs nanofiber group. In contrast, the nanofiber plus SB431542 group demonstrated the lowest collagen I and collagen III protein expression levels of the three groups during each stage of wound healing. We also evaluated the expression of the active form, phospho-Smad1/5/8. However, the results showed that there was no significant difference in the phospho-Smad1/5/8 expression level between the three groups (data not shown).

Discussion
==========

Wounds occupy a remarkable place in everyday pathology and remain a challenging clinical problem, with many unpredictable complications that frequently result in morbidity and mortality.[@b30-ijn-11-373] Wound healing is an extremely complicated process with many influencing factors. Therefore, the investigation of an ideal wound dressing that can achieve rapid healing with minimal inconvenience to patients has been of interest to researchers for a long time.[@b31-ijn-11-373] In our previous study, a PVA/COS-AgNPs nanofiber was prepared and applied as a novel wound dressing that had broad-spectrum antibacterial activity and permeability, as well as high porosity. Meanwhile, because of their antibacterial, hemostatic, and anti-inflammatory actions and the ability to stimulate the directional distribution of collagen, the combined action of nanoscale fiber and COS-Ag can accelerate the healing rate of a skin wound, particularly during the early stage of the healing process.[@b11-ijn-11-373] Our previous study revealed that the PVA/COS-AgNPs nanofiber has enormous potential for use as a wound dressing; however, the mechanisms by which this treatment promotes wound healing remained unknown. Considering the key role of the TGFβ1/Smad signaling pathway in wound healing, in this study, we used Sprague--Dawley rats to generate a skin wound model and investigated whether the molecular mechanisms by which the PVA/COS-AgNPs nanofiber promotes healing involve this signaling pathway.

In this study, our morphological and histological results showed that the PVA/COS-AgNPs nanofiber exerted a potent effect on wound closure and remodeling. The nanofiber plus SB431542 group presented festering wounds during the early stage, and wound remodeling was the slowest in this group throughout the entire healing period. In addition, the healing effect promoted by the PVA/COS-AgNPs nanofiber was further confirmed by HE-stained sections. SB431542 is a specific inhibitor of TGF-β Type I receptor kinase;[@b32-ijn-11-373] it specifically binds to the ATP-binding domains of the TGF-β Type I receptor, thus inhibiting Smad2 and Smad3 activation and TGFβ-induced signal transduction, transcription, gene expression, and growth suppression.[@b33-ijn-11-373] The aforementioned results show that the PVA/COS-AgNPs nanofiber can promote wound healing, but when SB431542 was combined with the PVA/COS-AgNPs nanofiber, the wound healing process was delayed. These findings were consistent with other findings related to the effect of SB431542[@b34-ijn-11-373],[@b35-ijn-11-373] and with our previous study.[@b11-ijn-11-373]

The ECM is an important player in the wound healing process. The ECM not only provides architectural support to the skin but also plays a major role in cell regulation.[@b36-ijn-11-373] The ECM is composed primarily of collagen proteins, and inhibition of the TGFβ1/Smad signaling pathway may suppress wound repair by inhibiting collagen production at the early stage of the healing process.[@b37-ijn-11-373] Collagen I and collagen III are the two most ubiquitous collagens in the skin,[@b38-ijn-11-373] and as ECM-encoding genes, they are direct Smad targets, representing the lynchpins of the Smad pathway in the simultaneous activation of collagen genes by TGFβ1.[@b39-ijn-11-373] On the basis of our Masson's trichrome staining, Hyp content, and immunofluorescent staining results, we observed that the PVA/COS-AgNPs nanofiber can stimulate the generation of collagen, whereas the inhibition of the TGFβ1/Smad signaling pathway largely prevented the PVA/COS-AgNPs nanofiber-associated effect on collagen generation at the early stage of the healing process, particularly the effects on collagen I and collagen III. These results further imply that the healing effect promoted by the PVA/COS-AgNPs nanofiber is related to the activation of the TGFβ1/Smad signaling pathway.

Wound healing is regulated by various growth factors and cytokines, and the TGFβ1/Smad signaling pathway is closely related to wound healing.[@b40-ijn-11-373]--[@b42-ijn-11-373] When this pathway is activated, receptor-regulated Smads, such as Smad2 and Smad3, are phosphorylated by TGFβ1 and activin Type I receptors and then complexed with a common-partner Smad called Smad4, which transmits messages to the nucleus and induces the transcription of target genes. The inhibitory Smad, Smad7, plays a role in inhibiting the effect of activated TGFβ receptors, preventing the phosphorylation of Smad2 and Smad3 and downregulating TGFβ1 signaling.[@b43-ijn-11-373],[@b44-ijn-11-373] Thus, the inhibition of Smad7 is thought to increase the rate of wound repair.[@b45-ijn-11-373] Our results indicated that PVA/COS-AgNPs nanofiber treatment resulted in significantly increased TGFβ1, TGFβRI, TGFβRII, collagen I, collagen III, and fibronectin mRNA expression during the early stage of wound healing. Conversely, SB431542-induced inhibition of the TGFβ1/Smad signaling pathway downregulated the expression of these genes. The Smad7 level of the three groups was upregulated over time, whereas in the PVA/COS-AgNPs nanofiber plus SB431542 group, this level was more upregulated. Interestingly, the levels of Smad2 and Smad3, the only downstream mediators of TGFβRI that are central to most actions of the TGFβ family regarding ECM gene expression,[@b46-ijn-11-373] were upregulated in all three groups; however, no significant differences in expression were observed between these groups. These results represent an imbalance in the agonistic Smad proteins. The peak amount of VEGF mRNA occurred latest in the PVA/COS-AgNPs nanofiber plus SB431542 group compared with the other two groups. We inferred that the possible cause of these results was connected to the PVA/COS-AgNPs nanofiber plus SB431542 group having the slowest healing process and the latest growth time of granulation tissue compared with those of the other groups. Although the mRNA levels of target genes may not necessarily cause changes in the signal transduction of a signaling pathway or in the expression of the corresponding proteins, the results also support the observation that the PVA/COS-AgNPs nanofiber can activate the TGFβ1/Smad signaling pathway.

In the TGFβ1/Smad signaling pathway, signals can only be transduced when Smad2 and Smad3 are phosphorylated to their active forms.[@b47-ijn-11-373],[@b48-ijn-11-373] In our encouraging WB results, the protein levels of the active forms phospho-Smad2 and phospho-Smad3 significantly increased in the PVA/COS-AgNPs nanofiber group during the early stage of the healing progress. The protein expression levels of TGFβ1, collagen I, and collagen III exhibited trends that were consistent with their mRNA expression levels in the PVA/COS-AgNPs nanofiber group. The usage of SB431542 can counteract the PVA/COS-AgNPs nanofiber-induced upregulation of proteins involved in the TGFβ1/Smad signaling pathway. These results clearly demonstrated the activation of the TGFβ1/Smad signaling pathway by PVA/COS-AgNPs nanofiber. Furthermore, although TGFβ1 can activate the Smad1/5/8 pathway by binding the ALK1 receptor, our PVA/COS-AgNPs nanofiber did not seem to affect the activation of Smad1/5/8; instead, it mainly promotes wound healing via the TGFβ1-Smad2/3 pathway.

In conclusion, our results demonstrated that the PVA/COS-AgNPs nanofiber promotes wound healing by activating the TGFβ1/Smad signaling pathway. Inhibition of this pathway largely prevented the PVA/COS-AgNPs nanofiber-associated salutary effects on the early stage of wound healing, thus supporting our conclusion. The activation of a signaling pathway is the summation of the joint effects exerted by many factors, and Ag, COS, and PVA along with the nanotopography all contributed to these described combined actions. This study contributes to a better understanding of the mechanism underlying the accelerated healing effect of the PVA/COS-AgNPs nanofiber.

Supplementary materials
=======================

###### 

The histology of normal skin and the histologic associated comparison of the three groups.

**Notes: (A)** The HE staining of normal skin. The arrows colored with red indicates hair follicles. (**B**) The number of blood vessels of the same multiples' field (×100) in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. (**C**) The relative number of hair follicles in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. (**D**) The relative thickness of the epidermis in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs normal group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.

**Abbreviations:** PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles; ND, no data; HE, hematoxylin--eosin.

###### 

Collagen fiber regeneration in rat skin.

**Notes:** (**A**) Masson-trichrome staining of normal skin. Blue-green staining intensity corresponds to relative quantity of deposited collagen fiber. (**B**) The relative quantity of collagen in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. PVA/COS-AgNPs nanofiber group showed the greatest collagen synthesis. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs normal group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.

**Abbreviations:** PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.

###### 

Increase in deposition of collagen I and collagen III over time in the three groups.

**Notes:** (**A**) Immunofluorescent staining of collagen I and collagen III of normal skin (×800). (**B**) The relative collagen I fluorescence intensity in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. (**C**) The relative collagen III fluorescence intensity in normal, gauze, PVA/COS-AgNPs nanofiber, PVA/COS-AgNPs nanofiber plus SB431542 at 3, 7, 12, 18 days post-wounding. Increased deposition of collagen I and III were observed in the PVA/COS-AgNPs nanofiber group at day 18. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs normal group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.

**Abbreviations:** PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.

###### 

VEGF expression to study the effect of angiogenesis on wound healing.

**Notes:** Highest VEGF expression was observed in PVA/COS-AgNPs nanofiber group. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs gauze group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.

**Abbreviations:** VEGF, vascular endothelial growth factor; PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.
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![PVA/COS-AgNPs nanofiber treatment decreases wound area of wounded rat skin and achieves better cosmesis.\
**Notes:** (**A**) Full-thickness incisional wounds of group (a) gauze, (b) PVA/COS-AgNPs nanofiber, (c) PVA/COS-AgNPs nanofiber plus SB431542 at 0, 3, 5, 7, 12, and 18 days after surgery. (**B**) The change in wound closure size displayed as a percentage of wound area at different healing times. Each wound area measurement was compared with the wound area on day 0. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs gauze group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.\
**Abbreviations:** PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.](ijn-11-373Fig1){#f1-ijn-11-373}

![Wound healing histology for each group at days 3, 7, 12, and 18 after surgery.\
**Notes:** HE staining shows collagen fibers stained pale pink, cytoplasm stained purple, nuclei stained blue, and red blood cells stained cherry red. **A**, **B**, and **C** show gauze group, PVA/COS-AgNPs nanofiber group, PVA/COS-AgNPs nanofiber plus SB431542 group, respectively. The black and red arrows indicate blood vessels and hair follicles, respectively.\
**Abbreviation:** HE, hematoxylin--eosin.](ijn-11-373Fig2){#f2-ijn-11-373}

![Masson's trichome staining of biopsies of rat skin tissue.\
**Notes:** Collagen is stained blue-green, while cytoplasm, red blood cells, and nuclei are stained red. Masson-trichrome staining of collagen at day 3, 7, 12, 18 post-wounding: (**A**) gauze, (**B**) PVA/COS-AgNPs nanofiber, (**C**) PVA/COS-AgNPs nanofiber plus SB431542.](ijn-11-373Fig3){#f3-ijn-11-373}

![Determination of collagen content in the skin samples.\
**Notes:** (**A**) Hyp content increases in all groups over time, especially in the PVA/COS-AgNPs nanofiber group. (**B**--**D**) Immunofluorescent staining of collagen I (green) and collagen III (red) at 3, 7, and 18 days postgrafting with (a) gauze, (b) PVA/COS-AgNPs nanofiber, (c) PVA/COS-AgNPs nanofiber plus SB431542.\
**Abbreviations:** Hyp, hydroxyproline; PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.](ijn-11-373Fig4){#f4-ijn-11-373}

![Expression of TGFβ1/Smad pathway at the gene level.\
**Notes:** (**A**) Significant upregulation of TGFβ1 gene expression in PVA/COS-AgNPs nanofiber group. (**B, C, G**--**I**) mRNA expression levels of TGFβRI, TGFβRII, collagen I, and collagen III showing similar results as TGFβ1. (**D, E**) Smad2 and Smad3 expression was upregulated in all three groups, with no statistically significant difference between the groups. (**F**) PVA/COS-AgNPs nanofiber plus SB431542 showed greatest upregulation of inhibitory Smad, Smad7. Values are mean ± standard deviation. \**P*\<0.05 and \*\**P*\<0.01 vs gauze group, ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 vs PVA/COS-AgNPs nanofiber plus SB431542 group.\
**Abbreviations:** TGFβ1, transforming growth factor-β1; PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.](ijn-11-373Fig5){#f5-ijn-11-373}

![Western blot results of protein expression in the (a) gauze, (b) PVA/COS-AgNPs nanofiber, (c) PVA/COS-AgNPs nanofiber plus SB431542 group at days 3, 5, 7, 9, 12, 15, and 18 after surgery.\
**Notes:** TGFβ1 expression was significantly increased in (b) during the initial stage of the healing process and decreased over time. The active forms, phosphorylated Smad2 and 3, were similar to the TGFβ1 protein expression while the "total" Smad2 and Smad3 were not significantly different among the three groups. Collagen I and collagen III expression increased over time, and the highest expression was observed in (b). In contrast, (c) demonstrated the lowest collagen I and collagen III protein expression levels of the three groups during each stage of wound healing. β-actin served as the internal control.\
**Abbreviations:** TGFβ1, transforming growth factor-β1; PVA, poly(vinyl alcohol); COS, chitosan oligosaccharide; AgNPs, silver nanoparticles.](ijn-11-373Fig6){#f6-ijn-11-373}

###### 

Primers used for qRT-PCR

  Template       Forward primer (5′--3′)   Reverse primer (5′--3′)
  -------------- ------------------------- -------------------------
  TGFβ1          ATGACATGAACCGACCCTTC      ACTTCCAACCCAGGTCCTTC
  TGFβRI         ACCTTCTGATCCATCCGTT       CGCAAAGCTGTCAGCCTAG
  TGFβRII        GTGAGAAGCCGCAGGAAGTC      CCGTGGTAGGTGAACTTGGG
  Smad2          CTGGCTCAGTCTGTCAACCA      CTGCCTCCGATATTCTGCTC
  Smad3          CCAGTGCTACCTCCAGTGTT      CTGGTGGTCGCTAGTTTCTC
  Smad7          GGAGTCCTTTCCTCTCTC        GGCTCAATGAGCATGCTCAC
  Collagen I     GAGCGGAGAGTACTGGATCG      TACTCGAACGGGAATCCATC
  Collagen III   ACCTCCTGGTGCTATTGGTC      TCTCTCCATTGCGTCCATC
  Fibronectin    TGACTCGCTTTGACTTCACCAC    TCTCCTTCCTCGCTCAGTTCGT
  VEGF           AGGCCAGCACATAGGAGAGA      TTTCTTGCGCTTTCGTTTTT
  β-Actin        CCTTCCTGGGTATGGAATCCT     GGAGCAATGATCTTGATCTT

**Abbreviations:** qRT-PCR, quantitative real-time polymerase chain reaction; TGFβ1, transforming growth factor-beta1; TGFβRI, transforming growth factor beta receptor I; TGFβRII, transforming growth factor beta receptor II; VEGF, vascular endothelial growth factor.
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